An interferometric technique for measuring with picosecond resolution the time evolution of the real and imaginary components of optical nonlinearities in channel waveguides is described. Characteristics of the technique are illustrated with measurements of band-filling optical nonlinearities in CdS.Sel 1 --doped glass channel waveguides.
There is currently considerable interest in the nonlinear optical properties of optical waveguides, particularly in materials that exhibit fast, subnanosecond response times. ' The attraction of guided-wave configurations for all-optical logic and switching devices is that interaction lengths can be absorption limited rather than diffraction limited, and thereby small nonlinearities can be utilized. In order to achieve useful switching or modulation ratios in devices such as directional couplers or integrated-optical interferometers, phase shifts of 360°-720° are required, with throughput losses being minimized. 2 Semiconductorbased materials, such as CdSxSel-.-doped glasses, 3 -5 are considered promising since they can exhibit large optical nonlinearities close to the fundamental absorption edge. However, nonlinear changes in the refractive index and absorption in semiconductors saturate with increasing input fluence, 6 limiting the maximum phase shift obtainable in a given device. It is therefore important to establish the magnitude of these saturated quantities and their temporal evolution. In this Letter we describe a hybrid MachZehnder interferometer designed to measure these quantities and illustrate its performance with measurements on semiconductor-doped glass waveguides.
The technique is a modified version of an approach demonstrated by Halbout and Tang 7 and recently adapted for use in optical fibers by Cotter et al. 8 The experimental apparatus is shown in Fig. 1 . A modelocked, cavity-dumped dye laser generated 2-psec (FWHM) pulses at a repetition rate of 3.8 MHz. Most of the pulse energy was used as a pump beam to excite the nonlinearity. A small fraction of the light (<1%) was split from the laser pulse and routed through two arms of a Mach-Zehnder interferometer, one arm of which contained the channel waveguide. The pulse in the waveguide arm of the interferometer (designated the signal pulse) was end-fire coupled to the quasi-TM mode of the guide. rThe transmitted signal pulse was then interfered with the pulse traveling through the other arm of the interferometer (the reference pulse), and the resulting fringe pattern was imaged onto a computer-controlled television camera and digitized by a personal computer. The time delay between the pump and the signal pulses was varied in 0.7-psec increments from -100 to 150 psec. Fringe patterns were recorded at each value of time delay. The digitally recorded fringe patterns were analyzed using a fast Fourier transform to obtain the fringe contrast and phase at each time delay.
The intensity distribution at the output of the interferometer may be described approximately by the plane-wave interferometer equation, (1) where I, and I2 are the reference and the signal beam intensities, respectively. We do not consider here the various convolution effects involved in the experiment; these will be discussed in a future publication. The signal intensity 12 and the phase difference between the signal and the reference is dependent on the absorption a and the refractive index n of the waveguide, respectively. The quantities a and n in turn ;M depend on the probe delay T and, for a semiconductor, on the local density of photoexcited carriers N created by the pump pulse. Thus a and n are functions of the spatial coordinates in the waveguide. The observed phase shift Ak is related to the nonlinear refractiveindex change An by
where X is the free-space wavelength. waveguide is fully saturated, then AOsat = (27r/X)AnsatL.
When the set at 578 nm, where the linear absorption of the channel waveguide was 7 cm-'. The waveguide was 6 mm in length, approximately 10 Am 2 in cross-sectional area, and supported a single mode of both polarizations. The waveguide had been previously exposed to large photon fluences in other experiments and was photodarkened as a result. 3 The waveguide transmission was measured by using only the pump beam to establish that saturation was achieved, as shown in Fig. 2 
where Ao is the fringe amplitude when the probe is well separated from the pump in time.
The remaining light in the original laser pulse was used to excite the optical nonlinearities in the waveguide, giving rise to a time-dependent change in 0 and 12. A delay line was included in the path of this pulse, designated the pump pulse. The pump pulse was end-fire coupled to the quasi-TE mode of the guide. Orthogonal polarizations were required to separate the pump and the signal pulses because spatial separation was not possible in the guided-wave geometry. The polarizer at the output of the waveguide was then used to prevent the cross-polarized pump from obscuring the interferometer fringe pattern.
We illustrate the technique with measurements of electronic nonlinearities in CdSSel-.,-doped glass channel waveguides. The physical origin of the nonlinearities in the semiconductor-doped glasses is believed to be dominated by band filling. 3 -5 Light incident upon the semiconductor microcrystallites generates free carriers, occupying states that are rendered unavailable for further transitions until the carriers recombine. The absorption coefficient of the material decreases, and there is a corresponding change in the material dispersion with increasing light intensity. At sufficiently large fluences the states are effectively filled to the photon energy, and no further changes in the refractive index or absorption can take place (in the absence of other nonlinear processes). The material is then in the saturation regime, and the value of the saturated index and absorption change is important for device design.
Fabrication of these waveguides has been described in a previous publication. 9 The laser wavelength was
A -
A--- fluence, eventually saturating at less than 100% transmission owing to residual absorption. To measure the saturated change in refractive index with the interferometer, the pump fluence was set at 24 mJ/cm 2 so that the waveguide was driven fully into the saturation regime.
The behavior of the fringes as a function of time delay is shown in Fig. 3 . A sharp movement of the fringe is observed in the vicinity of zero delay. A corresponding increase in the fringe amplitude occurs.
As the time delay is increased the free-carrier population in the semiconductor decreases owing to recombination, and the fringes return to equilibrium. The detailed dependence of the nonlinear phase shift on the probe delay is shown in Fig. 4 . The increase in the phase angle near zero delay corresponds to the turn on of the waveguide as the pump pulse excites the material. The peak phase change at this wavelength was 135°, corresponding to a saturated-index change Ansat of -3.6 X 10-5. The sign of the refractive-index change was established by an independent adjustment of the reference path length. Exponential relaxation The change in transmissioin, which we calculated from the change in fringe amplitude using Eq. (5), is plotted in Fig. 5 . The saturated transmission at this wavelength is 20 times the linear transmission, in agreement with transmission changes measured directly. When plotted as absorption, on a logarithmic scale, exponential decay was observed with a time constant of approximately 22 psec, close to that measured from the phase changes. The rapid relaxation observed in the experiment is probably due to recombination enhanced by the large density. of surface defects present in the glasses.
Such data can be used to interpret the switching behavior observed in directional couplers fabricated in these glasses. 10 In Ref. 10 we presented experimental and theoretical evidence that the switching was dominated by absorptive rather than dispersive effects in the semiconductor-doped glasses. Since the maximum phase change measured here is only 135°, less than the 720° required for refractive-based switching, the interferometric results presented here confirm these conclusions.
